Maternal immune activation (MIA) is a risk factor for the development of schizophrenia and autism. Infections during pregnancy activate the mother's immune system and alter the fetal environment, with consequential effects on CNS function and behavior in the offspring, but the cellular and molecular links between infection-induced altered fetal development and risk for neuropsychiatric disorders are unknown. We investigated the immunological, molecular, and behavioral effects of MIA in the offspring of pregnant Sprague-Dawley rats given an intraperitoneal (0.25 mg/kg) injection of lipopolysaccharide (LPS) on gestational day 15. LPS significantly elevated pro-inflammatory cytokine levels in maternal serum, amniotic fluid, and fetal brain at 4 h, and levels decreased but remained elevated at 24 h. Offspring born to LPStreated dams exhibited reduced social preference and exploration behaviors as juveniles and young adults. Whole genome microarray analysis of the fetal brain at 4 h post maternal LPS was performed to elucidate the possible molecular mechanisms by which MIA affects the fetal brain. We observed dysregulation of 3,285 genes in restricted functional categories, with increased mRNA expression of cellular stress and cell death genes and reduced expression of developmentally-regulated and brain-specific genes, specifically those that regulate neuronal migration of GABAergic interneurons, including the Distal-less (Dlx) family of transcription factors required for tangential migration from progenitor pools within the ganglionic eminences into the cerebral cortex. Our results provide a novel mechanism by which MIA induces the widespread down-regulation of critical neurodevelopmental genes, including those previously associated with autism.
Introduction
There is growing evidence that the etiology of a number of neuropsychiatric disorders has its roots in the prenatal environment such that insults to the fetus during critical times of development may alter fetal brain structure and function thereby acting as risk factors for disorders later in life (Bilbo and Schwarz, 2009; Patterson, 2002; Schlotz and Phillips, 2009) . Maternal infections of both viral and bacterial origin have been linked with later development in the offspring of psychiatric disorders including autism (Atladottir et al., 2010; Ciaranello and Ciaranello, 1995) and schizophrenia (Brown et al., 2004) . The maternal immune activation (MIA) animal model (Meyer et al., 2009b ) is used to study how an insult directed at the maternal host can have adverse effects on the fetus leading to behavioral changes later in life, specifically within the domains of sensorimotor function, exploration, and social behaviors (Meyer et al., 2009a; Nouel et al., 2011) .
Whereas the exact mechanisms by which MIA disrupts fetal brain development resulting in characteristic behavioral changes remain unclear, it is believed that the induction of the maternal cytokine response and the cascade of downstream cellular and molecular events are responsible for the altered brain development and increased risk for atypical developmental outcomes (Jonakait, 2007) . Cytokines are a class of secreted polypeptides that have diverse functions (Benveniste, 1998; Patterson and Nawa, 1993; Rothwell and Hopkins, 1995) . Although cytokines were first described in terms of their role in the regulation of the inflammatory immune response, there is evidence, primarily from in vitro studies, that they modulate normal developmental processes such as glial and neuronal commitment, proliferation, differentiation and survival, neurite outgrowth, and synaptogenesis (Deverman and Patterson, 2009) . In the MIA model, maternally generated cytokines are thought to penetrate the placental barrier to gain access to the fetus (Dahlgren et al., 2006; Nawa and Takei, 2006) . In addition, the placenta itself reacts strongly to MIA both morphologically and immunologically and likely contributes to fetal distress (Abrahams and Geschwind, 2008; Carpentier et al., 2011; Fatemi et al., 2011; Girard et al., 2010; Hauguel-de Mouzon and Guerre-Millo, 2006; Hsiao and Patterson, 2011) . Given the ability for cytokines to affect CNS developmental processes, the presence of inflammatory molecules in the fetal brain may adversely affect the survival of neuronal subpopulations (Araujo and Cotman, 1995; Jarskog et al., 1997; Keohane et al.; Marx et al., 2001; Neumann et al., 2002; Qiu et al., 1998; Zhao et al., 2001 ).
Rodent models have been developed to determine the behavioral and biological effects of MIA on offspring (for review (Boksa, 2010; Meyer et al., 2009a) ). In these studies, lipopolysaccharide (LPS) or the synthetic, double-stranded RNA polyriboinosinicpolyribocytidilic acid (polyI:C) are administered to pregnant dams to mimic the immunestimulating actions of live bacterial or viral infections, respectively. Both agents trigger similar immune responses in the dam. We used LPS, a large lipid-polysaccharide complex released from the outer cell wall of gram-negative bacteria that binds to the tolllike receptor 4 (TLR4) expressed on the surface of certain cell types. The resulting activation of the transcription factor NF-κB induces pro-inflammatory cytokine expression (Palsson-McDermott and O'Neill, 2004) . In the MIA model, the maternal LPS itself is not detected in the fetus (Ashdown et al., 2006) . Rather, the maternal LPS increases proinflammatory cytokine mRNA expression and/or proteins in the maternal serum, amniotic fluid, and placenta (Ashdown et al., 2006; Cai et al., 2000; Gayle et al., 2004; Girard et al., 2010; Golan et al., 2005; Liverman et al., 2006; Ning et al., 2008; Urakubo et al., 2001 ). Whether or not these cytokines are produced locally within the fetal brain is less clear. Increased cytokine gene expression by fetal brain has not been shown in the maternal LPS model except in some studies that used a much higher dose of LPS than what was used in our study (Cai et al., 2000; Lasala and Zhou, 2007) . Little is known about the acute biological effects of maternal LPS on the fetal brain aside from one report of maternal LPSinduced gene changes in the fetal brain (Liverman et al., 2006 ) and a recent report showing some structural changes and perturbed neural development in rat cerebral cortex at gestational day 18 following LPS administered maternally at gestational days 15 and 16 (Ghiani et al., 2011) . Thus, although it has been demonstrated that MIA alters behavioral and biological outcomes in juvenile and adult offspring, the mechanisms by which this immune reaction ultimately disrupt brain and behavioral development remain unclear (Boksa, 2010) . The purpose of the following study was to determine the effects of maternal LPS exposure on the profiles of MIA-induced cytokine levels, fetal gene expression, and social and investigative behavior of offspring in order to better understand the mechanisms by which MIA is a risk factor for atypical offspring development.
Materials and methods

Animals
Male and female Sprague-Dawley rats (Harlan, Indianapolis, IN) were housed separately until mating. Daily vaginal smears were collected to monitor the estrous cycle of the females, which underwent a single night of in-house mating. The presence of a sperm plug the following morning represented gestational day 0. Weights were obtained to confirm pregnancy. Offspring (control n = 17; LPS n = 17) used for behavioral testing were weaned on postnatal day 21 and separated into same-sex housing. Testing of male (control n = 6; LPS n = 9) and female (control n = 11; LPS n = 8) rats from multiple independent litters began on postnatal day 24 and concluded on postnatal 55. All animals were housed under standard light conditions (12 h light/12 h dark with lights on between 6 a.m. and 6 p.m.). All behavioral tests were done during lights-on periods. Food and water were available ad lib. All experimental protocols were approved by the NIMH Intramural Research Program Animal Care and Use Committee.
Maternal Immune Activation
Pregnant rats received an intraperitoneal injection of either Escherichia coli 05:B55 lipopolysaccharide (LPS; 0.25 mg/kg; Sigma, St. Louis, MO), diluted (1 mg/ml) in phosphate-buffered saline (PBS), or equivalent volume of PBS vehicle on gestational day 15. This dose was chosen based on our initial pilot work to determine a dose that still leads to postnatal behavioral changes in the offspring while minimizing spontaneous abortions or stillbirths commonly observed following maternal LPS treatment. Dams were monitored daily following the injection for signs of vaginal bleeding, weight loss, or sickness behavior, and following birth, proper pup retrieval and feeding behavior were assessed. Pups were assessed for general health by non-invasive visual inspection.
Maternal serum, amniotic fluid, and fetal brain collection
Four or 24 hours following maternal LPS or saline injections, pregnant dams were anesthetized using isoflurane and decapitated. Whole trunk blood was collected from decapitated dams in a sterile 1.5 ml polypropylene Eppendorf tubes and allowed to clot at room temperature for 30 min. Samples were then centrifuged in a refrigerated centrifuge at 4°C for 15 min at 2,000 × g. The resulting supernatant (serum) was collected via Pasteur pipette and transferred into a new Eppendorf tube and stored at −80°C until analysis. A midline incision was made into the peritoneal cavity to expose the embryos. Embryos were removed and placed in cold PBS. Amniotic fluid was removed from each amniotic sac using a 1 ml syringe with a 23g needle and collected in 0.2 ml certified PCR tubes. Fetal brains were removed and placed either in empty PCR-certified, DNase-and RNase-free 1.5 ml Eppendorf tubes for immunoaffinity capillary electrophoresis cytokine analysis, or 1.5 ml Eppendorf tubes containing 1 ml TRIzol (Invitrogen, USA) for gene expression studies. Maternal serum, amniotic fluid, and fetal brains were collected from multiple dams at the two post-injection time points for protein and gene expression studies. Samples were collected such that approximately half of each litter was used for cytokine protein work and the remaining half was used for microarray and qualitative real-time polymerase chain reaction (qRT-PCR) work, which allowed for the use of matched fetal littermates across the studies. This was possible given the large litter size of the Sprague-Dawley rat. For the 4 h analysis, serum was collected from 7 control dams and 7 LPS dams. Amniotic fluid (control n = 28; LPS n = 26) and fetal brains (control n = 19 for protein and n = 10 for gene expression; LPS n = 25 for protein and n = 9 for gene expression) were collected across multiple dams. For the 24 h analysis, serum was collected from 6 control dams and 6 LPS dams and amniotic fluid (control n = 24; LPS n = 20) and fetal brain (control n = 11 for protein and n = 10 for gene expression; LPS n = 10 for protein and n = 10 for gene expression) were collected across multiple dams.
Immunoaffinity Capillary Electrophoresis
Maternal serum, amniotic fluid, and fetal brain samples were analyzed using chip-based immunoaffinity capillary electrophoresis with laser-induced fluorescence detection, as previously described Wellner, 2006, 2007) , to measure TNF-α, IL-6, and IL-1β. Briefly, primary antibodies (R&D Systems, Minneapolis, MN) were reconstituted to stock solutions of 1 µg/ml in 0.1M phosphate buffer, pH 7.4 and antibodies were reduced to F(Ab)' 2 fragments using a Pierce Biotechnology F(Ab)' 2 digestion kit according to the manufacturer's instructions and further reduced to FAb fragments by incubation with 200 mM DTT solution. Equal parts of each digested FAb fragments were mixed and immobilized onto a 2-mm thiolderivatized glass disk. The disk was placed in the immunoaffinity port of a lab-on-a-chip and 200 nl of sample added to the port. The sample was allowed to reside in the immunoaffinity port for 3 min, during which time the immobilized FAb fragments captured their respective antigens. The sample was removed and the disk washed with 0.5 µl of 0.1 M phosphate buffer. AlexaFluor 633 laser dye (Molecular Probes, Eugene, OR, USA) was introduced into the immunoaffinity port, labeling the bound antigens. This reaction was allowed to take place for 2 min before again washing the port with 0.5 µl of phosphate buffer. Finally, the bound antigens were eluted from the FAbs by introducing 0.5 µl of acid buffer (0.1 M phosphate buffer titrated with 1N HCl to pH 1.0) and electrokinetically moving the released antigens into the separation channel where they were separated by applying a potential of 6 Kv, and the individual peaks measured in-channel by the fluorescence detector. The concentration of each separated peak was calculated from calibration curves constructed from known standards of each antigen run under identical conditions. Protein levels for serum and amniotic fluid were expressed as pg/ml fluid and as pg/µg extracted protein for fetal brain. All samples were run blind to the condition.
Microarray
For each time point, 4 h and 24 h post maternal injection, samples (4 h: n = 10 control, n = 9 LPS; 24 h: n = 10 control, n = 10 LPS) were prepared according to Affymetrix protocols (Affymetrix, Inc.). RNA quality and quantity was ensured using the Bioanalyzer (Agilent, Inc.) and NanoDrop respectively. Per RNA labeling, 200 ng of total RNA was used in conjunction with the Affymetrix recommended protocol for the GeneChip 1.0 ST chips. The hybridization cocktail containing the fragmented and labeled cDNAs was hybridized to the Affymetrix Rat GeneChip® 1.0 ST chips. The chips were washed and stained by the Affymetrix Fluidics Station using the standard format and protocols as described by Affymetrix. The probe arrays were stained with streptavidin phycoerythrin solution (Molecular Probes, Carlsbad, CA) and enhanced by using an antibody solution containing 0.5 mg/ml of biotinylated anti-streptavidin (Vector Laboratories, Burlingame, CA). An Affymetrix Gene Chip Scanner 3000 was used in conjunction with Affymetrix GeneChip Operation Software to generate probe-level data for 29,215 rat gene fragments per hybridized cRNA. Cel files generated by the Affymetrix AGCC program were imported into the Affymetrix Expression Consol program and RMA (Robust Multichips Analysis) normalization was performed to generate the .Chp files. The statistical programming language R was used (http://cran.r-project.org/). RMA (http://www.bioconductor.org/) was employed for probe-level data summarization and normalization. Data quality was assessed by visual inspection by Tukey box plot, covariance-based Principal Component Analysis (PCA), scatter plot, and correlation-based Heat Map (Supplementary Fig. 1 ). System noise was defined as the lowest observed mean data value at which the LOWESS fit of the normalized data (CV~mean) changes from non-linear to linear. Gene fragments not having at least one data value greater than system noise were discarded. Remaining data were floored to system noise and subjected to the Welch-modified t-test on a gene fragment by gene fragment basis with a Benjamin-Hochberg correction and false discovery rate of p < 0.05 and fold change threshold ≥ 1.3. Enriched biological functions for the selected gene fragments were determined using Ingenuity Pathways Analysis (IPA; Ingenuity, Inc.). Supervised analyses were conducted using separate gene fragment lists based on regulation direction (up versus down-regulation).
IPA is an accepted bioinformatics tool used to analyze microarray data. Of several tools available for mining array data, IPA uses a high percentage of curation by expert manual review (approximately 90% versus 10% natural language mining) of published literature and additional sources of information (see http://www.ingenuity.com/science/knowledge_base.html).
Quantitative Real-Time Polymerase Chain Reaction (qRT-PCR)
Quantitative RT-PCR was performed on a subset of the samples (n = 7 control, n = 7 LPS) from the 4 h time point to validate selected candidate genes from microarray data. Total RNA was isolated using the RNeasy Mini Kit that includes reagents and columns (Qiagen, Valencia, CA) according to the manufacturer's protocol. Briefly, 200 µl chloroform was added to homogenized tissue and centrifuged for 10 min at 10,000 rpm. The aqueous solution was transferred to a fresh Eppendorf tube and gently vortexed while 200 µl of ethanol was added. Solution was transferred to a Qiagen column and centrifuged for 5 min at 3,500 rpm. Liquid was transferred back to column and spin was repeated. Liquid was discarded and 750 µl RW1 buffer was added to the column and centrifuged for 5 min at 3,500 rpm. Liquid was discarded and 500 µl RPE buffer was added to the column and centrifuged for 10 min at 3,500 rpm. The liquid was discarded and this step was repeated. The column was placed in a new Eppendorf tube and centrifuged for 1 min at max speed to remove excess liquid. The column was placed in a collection tube and 30 µl DEPC-treated water was added and centrifuged for 5 min at 5,000 rpm. Total RNA was quantified on a spectrophotometer (NanoDrop, Thermo Scientific, USA) and reverse transcribed using a Superscript III First Strand cDNA Synthesis Kit (Invitrogen, USA). Two-step real-time qRT-PCR with 2× SYBR Green Master Mix (Bio-Rad, Hercules, CA) was performed using the Bio-Rad iQ5 iCycler. The endogenous -tubulin gene was used to normalize quantification of the mRNA target. All primers were validated and sequenced prior to this experiment and are shown in Table 1 . Fold differences in gene expression were calculated using the ΔΔct method.
Behavioral Testing
Social Preference-Following the protocol established by (Walker et al., 2007) one day prior to testing, rats were brought into the testing room and placed in the testing apparatus for a 15-min habituation period. Social interaction was measured in each animal on postnatal 25, 30, 35, 45, and 55 using a three-chambered apparatus (Habitest, Coulbourn Instruments, Whitehall, PA) in which preference for home cage territory or an unknown stimulus rat of the same sex was examined over the course of a 15-min testing session. The three chambers included a central start box, a side home box, and side social box, each measuring 20.5 × 10.5 × 12.2 cm. The home box contained a tray with bedding from the home cage of the test subject, and the social box contained a same-sexed, same-aged, novel stimulus rat. Once the test subject was placed in the start box, the guillotine doors, which separated the start box from the side boxes, were removed allowing for investigation of the side boxes. Entry from the start box into the social and home boxes was measured by the breakage of photobeams that surround the chambers. The number of entries into the two chambers and the total time spent in each of the three chambers were recorded and analyzed by the GraphicState, Coulbourn Instruments computer program. Each chamber was cleaned with 70% ethanol between each run. Novel stimulus rats were used on the five testing dates. So that effective comparisons could be made between groups, a measure of social preference was established, hereafter called the "social index" (S.I.). The S.I. was derived according to the following formula: (S-H)/900, where S represents the time spent in the social chamber, H represents time spent in the home chamber, and 900 represents the total test time (sec).
Exploration-One day prior to testing, rats were brought into the testing room and placed in the testing apparatus for a 15-min habituation period. Exploratory behaviors were measured in each animal on postnatal day 25, 30, 35, 45, and 55. Subjects were placed in a box (40 × 40 × 40 cm) with 16 holes, 1 cm in diameter that are cupped at the bottom and filled with fresh bedding. The apparatus contained two rows of photocells arranged around the perimeter of the chamber to record locomotion along the plane of the chamber floor and nose-hole entries below the floor. The total numbers of movements and nose-hole pokes and the total times of movement, non-locomotor behavior, and ambulation (total movement time -non-locomotor time/60) were measured by the TruScan software. Exploration was operationally defined as the number of nose-hole pokes per minute of ambulation during a 10-min observation period (Walker et al., 2007) . This allows for the separation of spontaneous movements from motivated exploration. The experimental box was thoroughly cleaned with 70% ethanol between testing sessions.
Olfaction-Basic olfactory skills (the ability to recover a hidden piece of food) were assessed on postnatal day 40 following the Hidden Cookie Task established by (Yang and Crawley, 2009 ). To familiarize the rats with the olfactory stimulus, a small cookie (honeyflavored Teddy Graham, Nabisco) was placed in the home cages overnight for three consecutive days (postnatal day 36-38). A fresh cookie was placed each night. On the fourth night (postnatal day 39), food pellets were removed from the chow hopper overnight for a single night of food deprivation. The next morning, testing began by placing the subject in a clean rat cage with 3 cm-deep fresh bedding for a 5-min acclimation period. The subject was then transferred to an empty clean cage while the experimenter buried a cookie 1 cm beneath the surface in a random corner of the cage. The subject was immediately returned to the testing cage, and latency to find the cookie was recorded. A cut-off latency time of 600 sec was used. A new, clean testing cage with fresh bedding and a new cookie were used for each subject, and the chow hoppers were filled with food pellets immediately following task completion.
Statistical Analyses
All data other than the social preference data were normally distributed. Therefore, for the social data, log 10 transformed S.I. scores were analyzed using the proper statistical approach. Social and exploration behaviors were analyzed using a 2-way mixed ANOVA design with Student Newman-Keuls post hoc test. Olfaction data were analyzed using pairwise Student's t tests. Cytokine data were analyzed using a 2-way between subjects MANOVA design with treatment and time as independent variables and the proteins as multiple dependent variables. The three compartments (serum, amniotic fluid, and brain) were analyzed separately. Effects were considered statistically significant when p < 0.05. Statistical significance for changes in relative gene expression (qRT-PCR) was determined by using an independent samples Student's t-tests comparing the mean Δct values for control and LPS groups for each target gene. Statistical significance was defined as p < 0.05. Gene expression data are presented as fold changes. Statistical analyses were performed using SPSS 17.0 software.
Results
Maternal LPS treatment increases cytokines in maternal serum
A 2(treatment × time) between subjects MANOVA revealed a significant main effect of treatment (F(3,19) = 429.76, p < 0.001) and time (F(3,19) = 137.19, p < 0.001), which was qualified by a treatment × time interaction (F(3,19) = 137.13, p < 0.001) for the proinflammatory cytokines. Dams exposed to LPS had significantly greater levels of TNFα, IL-1β, and IL-6 than control dams at both 4 h and 24 h post injection; however, the expression at 24 h was significantly less than expression at 4 h (Fig. 1A, D, G) .
Maternal LPS treatment increases cytokines in amniotic fluid
Cytokine protein levels in amniotic fluid paralleled the levels measured in serum but with a reduced magnitude. Levels in amniotic fluid were approximately half those in serum. For the pro-inflammatory cytokines, a 2(treatment × time) between subjects MANOVA revealed a significant main effect of treatment (F(3,92) = 443.48, p < 0.001) and time (F(3,92) = 194.51, p < 0.001), which was qualified by a treatment × time interaction (F(3,92) = 194.15, p < 0.001). Fluid harvested from embryos belonging to dams exposed to LPS had significantly greater levels of TNFα, IL-1β, and IL-6 than control amniotic fluid at both 4 h and 24 h post injection. However, the expression at 24 h was significantly less than expression at 4 h (Fig. 1B, E, H) .
Maternal LPS treatment increases cytokines in fetal brain
The pattern of pro-inflammatory cytokine protein levels in fetal brain matched the respective patterns of these proteins in serum and amniotic fluid, albeit with a greatly reduced relative magnitude. Levels in brain were approximately one-tenth those in amniotic fluid. A 2(treatment × time) between subjects MANOVA revealed a significant main effect of treatment (F(3,59) = 305.53, p < 0.001) and time (F(3,59) = 68.78, p < 0.001), which was qualified by a treatment × time interaction (F(3,59) = 68.47, p < 0.001). Fetal brains from LPS-exposed dams had significantly greater levels of TNFα, IL-1β, and IL-6 than control fetal brains at both 4 h and 24 h post injection. However, the levels at 24 h were significantly lower than at 4 h (Fig. 1C, F, I ).
Maternal immune activation dysregulates gene expression in fetal brain at 4 h post maternal LPS treatment
To investigate molecular changes in fetal brain following maternal LPS treatment, we conducted a microarray experiment with follow-up qRT-PCR validation at 4 h post LPS and in a separate experiment (data not shown) with different samples again at 24 h post LPS to examine gene expression changes in fetal brain in response to MIA. The raw microarray data files were deposited in the NCBI Gene Expression Omnibus at http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?token=djqzbyaakgsgoxw&acc=GSE34058.
At the 24 h time point, no sample outliers were present, and no gene fragments were found to have a FDR multiple comparison-corrected p < 0.05. Inspection of effect sizes between control and LPS fragments by rotated volcano plot revealed low to no differences between them. To validate the 24 h microarray data, qRT-PCR was performed on a subset of the most down-regulated genes from the 4 h time point to ensure that they were not missed on the 24 h microarray. There were no changes in gene expression between groups, further supporting the transient nature of the gene changes reported at 4 h (data not shown).
At the 4 h time point, 29,215 gene fragment expression measurements were generated per sample; no sample outliers were observed ( Supplementary Fig. 1 ). Measurement data for 8,161 gene fragments were discarded as noise, leaving 21,054 gene fragments for significance testing. Using a fold change threshold of ≥ 1.3, a total of 3,285 genes differed significantly in their expression levels between LPS (n = 9) and control (n = 10) groups at 4 h post treatment (Supplementary Table 1 ). Of the 3,285 gene fragments, 2,192 were upregulated and 1,093 were down-regulated. The top 5 most up-regulated genes in terms of fold change were: apolipoprotein L domain containing 1 (2.92), alpha-hemoglobin stabilizing protein (2.77), arrestin domain containing 3 (2.47), hemoglobin gamma A (2.31), and BCL2/adenovirus E1B 19kDa interacting protein (2.28). The top 5 most down-regulated genes were: ischemia related factor vof 16 (−3.56), distal-less homeobox 5 (−2.02), ribosomal protein L7a (−1.89), distal-less homeobox 1 (− 1.82), and autism susceptibility candidate 2 (−1.82). Using Ingenuity Pathways Analysis software, the 3,285 genes were segregated by regulation direction and underwent a supervised analysis to determine significantly enriched biological functions for the up-regulated (2,192) versus downregulated (1,093) gene fragments. There were 73 and 71 significantly enriched functions for the up-regulated and down-regulated genes, respectively. "Cell cycle" represented the most enriched function for the up-regulated gene set (Table 2 ). "Nervous system development and function" represented the most enriched function for the down-regulated gene set, and the specific categories and numbers of genes per category within that particular function are shown in Table 3 .
The function categories generated by bioinformatics analysis tools like IPA generate lists of genes that appear redundantly in multiple categories. Most genes lack dedicated and exclusive functions, and thus fall into more than one function or functional category. To better estimate the contributions of redundant versus exclusive genes, we further analyzed the data to determine the numbers of uniquely mapped genes per function. Within each enriched function and subcategory between 0-34% of the total number of mapped genes were unique to that specific function, and on average 11% of the total number of mapped genes were unique (Supplementary Table 1 ).
Examples of significantly up-regulated genes are shown in Table 4 . Included in this domain are genes associated with cellular stress and cell death pathways. Examples of significantly down-regulated genes are shown in Table 5 . These genes reside in categories such as neurogenesis, neurotransmission, migration of neurons, and neurite outgrowth. Remarkably, down-regulated genes that showed some of the largest fold changes in the microarray included three Distal-less (Dlx) genes and several others related to migration of cortical interneurons. The direction and magnitude of all changes were confirmed by qRT-PCR analysis for a selected subset of up and down-regulated genes.
Maternal LPS treatment does not impact maternal care behaviors or result in sex differences in postnatal behavioral performance of the offspring
No differences in maternal care were observed between saline-treated and LPS-treated dams. Normal feeding was observed as evidenced by the presence of equal amounts of milk in the stomachs of each pup. The lack of maternal neglect supported the rationale to refrain from cross-fostering pups.
Statistical analyses revealed no significant main effects of sex or a sex × treatment interaction on any of the behavioral parameters of interest: social index main effect (F(1,30 
Postnatal social and exploration behaviors are altered in offspring born to LPS-treated dams
To test the effects of LPS-induced maternal immune activation on postnatal behavioral development, offspring underwent behavioral testing across multiple times beginning postweaning at postnatal day 25 and concluding in young adulthood at postnatal day 55.
Social Preference-A 2(trial × treatment) mixed ANOVA design revealed a significant main effect of treatment (F(1, 32) = 36.52, p < 0.001), although the main effect of trial (F(4,128) = 1.75, p = N.S.) and the interaction between trial and treatment (F(4,128) = 0.96, p = N.S.) failed to reach significance ( Fig. 2A) . Student Newman-Keul's post-hoc analyses showed that social preference as measured by the S.I. was significantly reduced on all trials (postnatal day 25, 30, 35, 45, and 55) in offspring born to LPS-exposed dams. Breaking down the S.I. into its individual components (time investigating the social and home chambers) allowed for a deeper understanding of the social behaviors in the two groups. Examination of time spent investigating the social chamber revealed a significant main effect of treatment (F(1,32) = 33.1, p < 0.001) and a trial × treatment interaction (F(4,178) = 3.17, p < 0.001). The main effect of trial failed to reach significance (F(4,128) = 1.4, p = N.S.). Post-hoc analyses showed that LPS offspring spent significantly less time relative to control offspring investigating the social chamber on all trials (postnatal day 25, 30, 35, 45, and 55). Examination of time spent investigating the home chamber revealed significant main effects for treatment (F(1,32) = 17.03, p < 0.001) and trial (F(4,128) = 4.50, p < 0.01). The trial × treatment interaction failed to reach significance (F(4,128) = 0.67, p = N.S.). Post-hoc analyses showed that the offspring born to LPS-exposed dams investigated the home chamber significantly more than the control offspring on the first four trials (postnatal day 25, 30, 35, and 45) with no difference in home chamber investigation time on the last trial (postnatal day 55).
Total numbers of entries into the social and home chambers were also analyzed as a control measure to ensure that the differences in social preference were not driven by locomotor defects or freezing behaviors, which would be manifested as an overall reduction in the number of entries into both chambers. Collapsing the number of entries into the social and home chambers into a single measure of chamber entries revealed no main effect of trial (F(4,264) = 1.67 p = N.S.), treatment (F(1,66) = 0.45 p = N.S.) or trial × treatment interaction (F(4, 264) = 0.11 p = N.S.) (Fig. 2B) suggesting that reduced sociability it not a consequence of overall reduced motor exploration of the apparatus.
Exploration-A 2(trial × treatment) mixed ANOVA design revealed significant main effects of treatment (F(1,32) = 12.9, p < 0.01) and trial (F(4,128) = 7.8, p < 0.01) for the level of exploration as defined by number of nose-hole pokes/min ambulation (Fig. 2C) . The trial × treatment interaction failed to reach significance (F(4,128) = 1.75, p = N.S.). Post-hoc analyses showed that the LPS offspring displayed a significant reduction in their motivated exploration (number of nose-hole pokes/min. ambulation) across the first four trials (postnatal day 25, 30, 35, and 45). Breaking down level of exploration into its component parts (number of nose-hole pokes and ambulation time) and analyzing them separately revealed significant main effects of treatment (F(1,32) = 16.19, p < 0.001) and trial (F(4,128) = 4.98, p < 0.001) for number of nose-hole pokes. The trial × treatment interaction failed to reach significance (F(4,128) = 1.75, p = N.S.). Post-hoc analyses showed that offspring born to LPS-exposed dams had significantly fewer nose-hole pokes on the first four trials (postnatal day 25, 30, 35, and 45) compared to controls (Fig. 2C) . By postnatal day 55 the LPS offspring had a similar level of nose-hole poking to controls, which resulted in similar overall levels of exploration for that particular trial. There was a main effect of trial on total horizontal ambulation time (F(4,128) = 11.79 p < 0.001) but there were no differences in ambulation time between groups (F(1,32) = 1.11 p = N.S.) or a trial × treatment interaction F(4, 128) = .053 p = N.S.) (Fig. 2D) suggesting that the reduced exploration by the LPS group is driven by their lack of nose-hole poking, rather that freezing or motor impairments that would reduce their total ambulation time. In the hidden cookie task, no significant differences in latency to retrieve the buried food existed between offspring born to saline or LPS-treated dams (t(17) = 0.03, p = N.S.) demonstrating that basic olfaction is intact in the LPS offspring.
Discussion
We used the maternal LPS model whereby the bacterial endotoxin was administered to pregnant dams on gestational day 15, which approximates the second trimester of human gestation (Meyer et al., 2009a) , to examine the immunological, molecular, and behavioral consequences of MIA. The MIA model was established to test the hypothesis that activation of the maternal immune system, specifically the pro-inflammatory cytokines, permanently alters fetal brain development and increases risk for neurodevelopmental disorders (Jarskog et al., 1997; Meyer et al., 2005) . The downstream mechanisms by which pro-inflammatory cytokines in the fetal environment perturb brain development remain unknown, but blocking the actions of the specific cytokines such as IL-6 or IL-1βprevents MIA-induced behavioral and physiological consequences in mouse offspring, offering further support for the cytokine hypothesis (Girard et al., 2010; Smith et al., 2007) . We showed substantial increases in proinflammatory cytokine protein levels in maternal serum, amniotic fluid, and fetal brain following maternal LPS treatment. The profile of induction was identical across these three compartments with the only difference being the induction magnitude. The greatest induction was present in the maternal serum followed by progressive decreases in magnitude in the amniotic fluid and fetal brains. The successive magnitude reductions from serum to brain could be indicative of the maternal-fetal protective barriers in place that filter out complete passage of cytokines, such that a fraction of cytokines is passing from serum to amniotic fluid to brain. Our microarray and qRT-PCR analysis are consistent with other published data (Gayle et al., 2004; Ning et al., 2008; Urakubo et al., 2001 ) that fail to show changes in TNFα, IL-1βor IL-6 mRNA expression in fetal brain at any time post-LPS expression despite showing increases in cytokine protein levels, suggesting that the increased cytokines in fetal brain are not fetally derived but likely transferred into the fetal brain from maternal serum, amniotic fluid, and the placenta. The lack of a fetal immune response may be explained by the immaturity of the resident immune cell in the brain, the microglial cell, in early gestation. Microglia populate the embryonic brain during a surge of infiltration from external sources such as the yolk sac at about the time of the LPS injection in our study (Rigato et al., 2011) . It is possible that they are not mature enough to respond to an immune challenge by making more cytokines of their own. Indeed, in preliminary studies, using CX3CR1-GFP heterozygous reporter mice, we find no evidence of microglial activation after maternal LPS injection given at the equivalent gestational age of day 13 (unpublished data).
A recent report by Ghiani et al. (2011) showed that following maternal LPS administered twice, on gestational days 15 and 16 in rats, there was evidence of activated microglia and astrocytes in fetal cortex two days later. In addition, both mRNA and protein levels of several inflammatory cytokines were elevated in the time window of 4-72 h following the LPS. A possible explanation for a fetal brain inflammatory response in that paradigm, not seen in our paradigm, may be attributable to the double injection procedure used in that study. Nevertheless, we emphasize that in our paradigm, despite the lack of evidence of gross changes in brain development and inflammation, the offspring displayed deficits in social and exploration behaviors as adults, indicating that the subtle changes occurring after a single maternal LPS injection are sufficient to cause altered behavior symptomatic of psychiatric disease.
The developing fetus relies on placental transfer of maternal nutrients including oxygen and glucose across the transporting epithelial membrane into the fetal capillary circulation (Desforges and Sibley, 2009 ). The nature of the insult imparted on the fetus by MIA can be surmised from our data showing induction of genes associated with hypoxia, oxidative, stress, and cell death (Table. 4). Histopathological (Carpentier et al., 2011; Fatemi et al., 2011; Girard et al., 2010) and oxidative stress activity (Paintlia et al., 2008) in the placenta following MIA can disrupt the maternal/placental transfer of nutrients to the fetus leading to transient fetal hypoxia. Carpentier et al. (2011) showed evidence consistent with reduced oxygen supply to the fetal brain following maternal LPS administration on gestational day 12.5 in the mouse. Our data support the likelihood that the fetal brain is undergoing cellular stress and imperiled cell viability mediated by MIA-induced hypoxia rather than by a cytokine-mediated inflammatory response. The up-regulation of genes associated with cellular stress, hypoxia, and pro-apoptosis genes suggests a plausible scenario whereby maternal LPS results in fetal oxygen deprivation leading to a transient threat to cell viability.
Many of the highly enriched canonical pathways for the up-regulated genes determined by Ingenuity Pathways Analysis fall under the pathway category "Cellular Stress and Injury," and inspection of the affected molecules revealed a predominance of hypoxia-induced programmed cell death genes. Some of the most up-regulated genes belong to the BH3-only family of pro-cell death genes. The BH3 domain is present on upstream activators of cell death and facilitates death by binding pro-death effector molecules such as the Bcl-2 family members to initiate a pro-death signaling cascade (Ghiotto et al., 2009) . Apolipoprotein L domain containing 1 (Apold1) and BCL2/adenovirus E1B 19KDa interacting protein 3 (Bnip3) code for BH3-only proteins that respond to hypoxic and inflammatory signals to induce programmed cell death via apoptotic and autophagic processes (Azad et al., 2008; Guo et al., 2001; Kothari et al., 2003; Wan et al., 2008; Zhaorigetu et al., 2008) . Bnip3 is a prominent and early responding hypoxia-induced cell death gene (Chinnadurai et al., 2008) , and silencing of the gene using an siRNA suppresses hypoxia-induced autophagy (Bellot et al., 2009 ). Members of the heat shock family of proteins, which respond to cellular stress signals including oxidative stress and hypoxia (Chi and Karliner, 2004; Tucker et al., 2011; Welch, 1992) were also significantly up-regulated in fetal brain further suggestive of intermittent fetal hypoxia. Caveolin1 (Cav1), while not a BH3-containing molecule, also regulates apoptosis (Gargalovic and Dory, 2003) . Additional pro-apoptosis genes that were significantly up-regulated in the fetal brain following maternal LPS include a subset of the programmed cell death and caspase genes. Alpha-hemoglobin stabilizing protein, also called erythroid associated factor (Eraf) the second-most up-regulated gene, serves to protect against the production of reactive oxygen species by excessive levels of free α-hemoglobin (Feng et al., 2004; Weiss et al., 2005) . In vivo and in vitro models show that cerebral ischemia induced either by artery occlusion or oxygen-glucose deprivation significantly upregulates hemoglobin mRNA expression (He et al., 2009) , and that excessive hemoglobin is toxic to cerebral cortical neurons (Wang et al., 2002) .
The microarray results clearly indicated that maternal LPS can affect the fetal brain by down-regulating the expression of a number of genes that are critically important to CNS development. We showed that the most enriched biological function for down-regulated genes as determined by Ingenuity Pathways Analysis is "Nervous system development and function" with a number of down-regulated genes from the microarray data mapping to specific categories related to neuronal processes (Table 3 ). The genes with the greatest fold reduction were those that regulate neuronal migration. Specifically, these genes, mostly encoding transcription factors, guide migration and maturation of GABAergic interneurons. Cortical and hippocampal interneuron loss has been reported following maternal polyI:C (Meyer and Feldon, 2009 ), neonatal LPS (Feleder et al., 2009) , and maternal LPS treatment (Nouel et al., 2011) . In our study, expression levels of the GABA-synthesizing enzymes glutamic acid decarboxylase (Gad1 and Gad2) were significantly reduced in fetal brain, providing additional support for the involvement of this neurotransmitter system. Our results offer a molecular explanation by which MIA selectively affects the interneuron subpopulation. The targeting of such a large number of developmental genes with discrete roles in the GABA system is a novel finding and has direct implications for the basis for how maternal LPS can affect selective aspects of behavior in the adult offspring and has broader implications for the pathogenesis of schizophrenia and autism, both of which are characterized by GABA dysfunction (for review: (Rossignol, 2011; Rubenstein, 2010; Sgado et al., 2011) .
The cerebral cortex is mainly populated by two main types of neurons-glutamatergic pyramidal projection neurons and GABAerigc interneurons. Interneurons serve a vital role in local circuit function. Their inhibitory outputs are responsible for maintaining a balance between excitation and inhibition, and a loss of GABAergic activity is responsible for unchecked excitatory neuronal firing that causes seizure activity (Cossart et al., 2005) . The high co-morbidity between autism and epilepsy suggest a common underlying pathophysiological mechanism, such as disruptions in the functions and properties of GABAergic interneurons, as well as local cortical circuit formation that accounts for the cooccurrence (Di Cristo, 2007; Rubenstein, 2010; Sgado et al., 2011) . The cognitive deficits that characterize both autism and schizophrenia are believed to result at least partially from an excitation/inhibition imbalance caused by a loss of GABAergic interneurons, supported by the clinical evidence for reduced protein and gene markers for GABAergic interneurons (Curley et al., 2011; Fatemi et al., 2002; Thompson Ray et al., 2011) .
Immature interneurons arise from germinal zones within the ventral telencephalon, specifically the medial, lateral, and caudal ganglionic eminences, and they migrate in a tangential direction across the network of radial glial fibers to enter the cortex before differentiating into mature neurons . Migrating interneurons express a number of specific genetic markers, namely transcription factors, which are essential for proper migration and differentiation. The distal-less (Dlx) homeobox genes are a class of six genes, four of which are brain-specific (Dlx1, 2, 5 and 6), whose expression is intimately linked with the expression of developing GABAergic interneurons (Anderson et al., 1997; Panganiban and Rubenstein, 2002) . Point mutations of Dlx1, 2, and 6 have been detected in patients diagnosed with autism Nakashima et al., 2010) , which provides a genetic basis for GABAerigc dysfunction. All GABAergic interneurons require proper expression and function of Dlx1 and 2 for intact migration, and Dlx5 and 6 preferentially regulate the MGE-derived parvalbumin-expressing cortical interneurons (Wang et al., 2010b) . Tangential migration from the ganglionic eminences to the cortex and hippocampus is virtually absent in double Dlx1/2 knock-out mice (Anderson et al., 1997; Cobos et al., 2005) , whereas migration is fairly intact in single Dlx1 or Dlx2 knock-outs, but the mutants have fewer total numbers of cortical and hippocampal interneurons, abnormal neurite morphology, and increased seizure susceptibility Cobos et al., 2005; Mao et al., 2009) . We are the first to report reduced Dlx gene expression in the MIA model. In our study, Dlx1, 2 and 5 were among the top 10 most significantly down-regulated genes in fetal brains at 4 h post maternal LPS. Additional transcription factors, Arx1, which is directly regulated by Dlx1/2, Lhx6, and Mgat5B, all of whose expression was reduced in our study, play specific roles in interneuron fate determination and migration (Alifragis et al., 2004; Butt et al., 2007; Cobos et al., 2006; Faux et al., 2010; Hernandez-Miranda et al., 2010; Huang, 2009; Metin et al., 2006) .
There was a significant reduction in mRNA expression in the LPS fetal brains of a number of other developmental genes whose functions are not specifically associated with interneuron development but are involved in neuronal migration. The semaphorins are a large class of membrane-bound and secreted molecules, who along with their primary receptors the plexins and co-receptors the neuropilins, provide chemoattractant and chemorepulsive cues to migrating axons. Additional roles include the regulation of dendritic branching, synaptogenesis, and synaptic pruning (Mann et al., 2007; Tran et al., 2007) . There has been one other report of gestational day 18 maternal LPS reducing semaphorin (Sema 5b) mRNA expression in the mouse fetal brain 6 h post treatment (Liverman et al., 2006) . There have also been reports of semaphorin mutations in individuals with autism (Melin et al., 2006) . Whereas the semaphorins are the primary axon guidance molecules in the CNS, there are additional genes that influence migration, many of which were down-regulated by maternal LPS treatment. The class III POU domain transcription factors, all of whose members had reduced expression following maternal LPS, are important for radial migration of pyramidal neurons destined for the neocortex and hippocampus (Alvarez-Bolado et al., 1995; McEvilly et al., 2002; Sugitani et al., 2002) . Neuron navigator 1 (Nav1) and glypican 2 (Gpc2) are developmentally-regulated genes, both of whose expression is restricted to the axonal growth cones of postmitotic, migrating neurons (Ivins et al., 1997; Martinez-Lopez et al., 2005) . The protocadherin genes Celsr3 and Pcdhγb6 are enriched within growth cones and synapses, and they are known to regulate synapse formation and maintenance (Kallenbach et al., 2003; Morishita and Yagi, 2007; Zhou et al., 2008) . Celsr3 mutant mice have a number of brain malformations such as a loss of several major axonal fiber tracts (Tissir et al., 2005; Zhou et al., 2008) , stunted tangential migration evidenced by misguided cortical interneurons, and accumulation of interneurons at the corticostriatal boundary (Ying et al., 2009) .
It is important to point out that the down-regulation of interneuron migration-related gene expression was transient; neither microarray nor qRT-PCR revealed expression differences at the 24 h time point (data not shown). We speculate that the transient hypoxic-like conditions produced a temporary disturbance in migration patterns of inhibitory neurons, leading to small but permanent changes in final position and function of the inhibitory system, which is consistent with current views of origins of several psychiatric diseases. Our behavioral results are similar to those of others who have found deficits in social interaction and exploration of an open field maze in offspring born to dams exposed to LPS (Hava et al., 2006; Kirsten et al., 2010a; Kirsten et al., 2010b; , polyI:C (Meyer et al., 2006; Meyer et al., 2008; Smith et al., 2007) , influenza (Shi et al., 2003) , or Borna disease virus (Pletnikov et al., 1999) . Transient reductions in the gene expression of a number of key neuronal development genes in combination with disrupted signaling caused by circulating cytokines could lead to subtle defects in CNS development within certain brain regions responsible for the behavioral disturbances we see in the LPS offspring. At this point, the focus of investigation appears to be on the establishment of properly timed connectivity within the cerebral cortex. Further work is needed to delineate the mechanisms at an anatomical and physiological level. Already evidence is surfacing to show that improper cortical interneuron development and function may play a role in maladaptive social behaviors associated with autism and schizophrenia (Belforte et al., 2009; Geschwind and Levitt, 2007; Levitt, 2005) . Our data provide a plausible mechanism by which infections during pregnancy can affect cortical interneuron development leading to risk for later psychiatric disorders. Some evidence exists supporting a selective vulnerability of cortical interneurons to perinatal hypoxia (Fagel et al., 2009 ). Thus, our data also provide potential therapeutic approach to at-risk conditions, namely introduction of procedures that can counter the hypoxic conditions generated in the fetus by maternal infections.
Research Highlight
Maternal immune activation induces a maternal cytokine response and selectively targets the fetal expression of neuronal migration and hypoxia-induced genes
Supplementary Material
Refer to Web version on PubMed Central for supplementary material. Maternal LPS elevates cytokine levels in maternal fluids and fetal brain. Pro-inflammatory cytokines in maternal serum (4 h: control n = 7; LPS n = 7 and 24 h: control n = 6; LPS n = 6), amniotic fluid (4 h: control n = 28; LPS n = 26 and 24 h: control n = 24; LPS n = 20), and fetal brain (4 h control n = 19; LPS n = 25 and 24 h: control n = 11; LPS n = 10) at 4 and 24 h post maternal LPS (0.25 mg/kg) or saline administration on gestational day 15. Immunoaffinity electrophoresis analysis of fluid and tissue samples shows that cytokine protein levels are significantly elevated across the three maternal-fetal compartments at both time-points in offspring born to LPS-treated dams. Results are expressed as means ± SEM whereby * represents comparisons between LPS and control, p < 0.05 and # represents comparisons between LPS across time, p < 0.05 (2-way between subjects MANOVA). Postnatal social and exploration behaviors are altered in offspring born to dams maternally injected with LPS compared to saline. Dams were injected with 0.25 mg/kg LPS on gestational day 15. Offspring underwent behavioral testing on four separate testing dates beginning on postnatal day 25 and concluding on postnatal day 55. On the automated 3-chambered social preference task in which rats are given the choice to investigate a novel stimulus rat (social chamber), or a non-social, empty side (home chamber), offspring born to LPS-treated dams have reduced levels of social investigation across each testing date, reflected by their lower social index score (A), which measures the preference for investigation of the social vs. home chamber. LPS offspring also have reduced exploration as defined by number of nose-hole pokes/minute ambulation within an open field (C). These deficits are not due to overall locomotor defects or periods of immobility, which is reflected by the lack of differences in number of overall chamber (both social and home) entries (B) or ambulation in the open field (D). Results (n = 17 per group) are expressed as means ± SEM, and all comparisons are made between LPS treatment group and matched controls whereby *p < 0.05. (2-way mixed ANOVA followed by Student Newman-Keul's post hoc test). Table 3 Top 10 enriched biological functions and corresponding "nervous system development and function" subcategories determined by Ingenuity Pathways Analysis (IPA) for all down-regulated genes at 4 h post maternal LPS (0.25 mg/kg) administration. Selected down-regulated genes from 4 h microarray ranked by fold change (FC) 
